Abstract This study deals with the removal of chromium species from aqueous dilute solutions using thermoresponsive linear and hyperbranched copolymers based on PEG-methacrylates. The thermal stability of polymers was studied by thermogravimetric analysis and chemiluminescence emission, which evidenced a slightly enhanced stability for hyperbranched polymers respect to linear structures. Their LCST was successfully determined by TOPEM (temperature-modulated DSC), and similar values to those obtained by UV spectroscopy were obtained. The adsorption capacities for chromium hexavalent of the polymers have been investigated as function of LCST. The results showed highest retention capacity of Cr(VI) for all polymers above LCST. Hyperbranched polymers were more efficient than linear polymers, because of the structure of the polymers. Hyperbranched polymers when precipitate form a network with more nanocavities where the chromium can be adsorbed. The efficiency increased with ratio of OEGMA/DEGMA, reaching a maximum retention capacity value of 40 mg Cr(VI)/g polymer.
Introduction
Heavy metals are highly toxic pollutant therefore they are a very great environment concern [1] [2] [3] . Chromium is one of those heavy metals usually generated from various industrial activities such as textile dyeing [4] , leather tanning process [5] , electroplating [6] , wood treatment, and water treatment. Hexavalent chromium produces a general toxic effect on the human organism [7, 8] , because of its high water solubility and mobility, as well as its easy reduction. The toxicological effects of Cr(VI) originated from the action of its form itself as an oxidizing agent, as well as the formation of free radicals during the reduction of Cr(VI) to Cr(III) that occurs inside the cell. Another reason of the higher toxicity of Cr(VI) is that chromate ions pass quicker through cellular and nuclear membranes than trivalent species.
Different technologies have been employed for the removal of chromium(VI) ions from aqueous solutions, including electrochemical precipitation [9] , phytoextraction [10, 11] , reverse osmosis [12] , ultrafiltration [13] , and evaporative recovery [14] . It has been proved that the most effective and economical technique to remove chromium from water is adsorption and there are many kinds of adsorbents, such as bacteria, fungal biomass, alga biomass or chemicals components from agricultural products, that have been studied for this purpose [15] [16] [17] [18] [19] . There are two types of adsorbents, the specific sorbents which have a ligand (e.g., ion exchanger or chelating agent) and an inorganic (aluminum oxide, activated carbon, silica, etc.) [20] or a polymeric (styrene-divinylbenzene copolymer, etc.) carrier matrix [21] , and the non-specific adsorbents such as activated carbon, metal oxides, silica or ion exchanger resins [22] . By using traditional separation techniques, the adsorbents are difficult to be separated from the solution. In the past few years, magnetic sorbents [23] [24] [25] have emerged as a new generation of materials for environmental decontamination, which can be separated by application of an external magnetic field [26] . Iron and iron oxide nanostructures have been proved to be highly efficient materials [27] . Recently, hybrid materials consisting on MMT sheets as support of magnetite nanoparticles coated with hyperbranched PEI were prepared using a cationic exchange strategy [28] . Hyperbranched polymers based on polyethylenimine possess primary and secondary amine groups in a molecule, which exhibit good sorption ability of heavy metals [29] . The combination of the three components resulted in a new magnetic material with a number of advantages: high removal efficiency in a wide pH range, chemical stability at any pH, solved co-aggregation, and easy magnetic separation.
In recent years, new organic adsorbents in forms of resins or polymers have come under attention as exciting new absorbing materials because of its higher removal capacities, versatility, and more overall efficiency [30] [31] [32] [33] [34] [35] [36] . Polymers have high adsorption capacity and they are easy handling and especially useful because they can be reused, recovering the heavy metals. Otherwise, polymers are versatile, can be produced in a wide range of size, size distribution, porosity, hydrophilicity, etc. and they can be modified easily inserting different ligands into the structure making them specific sorbents for each contaminant.
In the present paper, the adsorption capacities for chromium hexavalent of polymers based on ethylene glycol methacrylates synthesized via RAFT polymerization have been evaluated as function of the structure and the LCST. The polymers based in ethylene glycol methacrylate monomer are stimuli-responsive polymers which have attracted great interest and several approaches have been attempted for manipulating responsive behavior. Polymers based on OEG methacrylates can display thermoresponsive behavior with the LCSTs of the homopolymers critically dependent on the length of the PEG side chains or in the case of copolymers dependent on the monomer composition [37] [38] [39] . Above the LCST, polymer becomes dehydrated and hence insoluble in water thereby it precipitates and forms porous structures making them promising as viable absorbents. Modulated differential scanning calorimetry called TOPEM has been successfully used to determine the LCST and the results were compared with those obtained by UV spectroscopy. The thermal stability of the polymer was studied by TG and CL, which has been proven to be a sensitive tool for this purpose [40] . The CL in polymers is due to the light emission that accompanies the thermal decomposition of the thermooxidative degradation products (hydroperoxides) which are formed during processing or in-service life of the material under ambient conditions. Then, the CL emission can be used to evaluate the degree of degradation or stability of polymers.
Experimental

Materials
Di(ethylene glycol) methyl ether methacrylate (DEG-MA, Aldrich, 99 %), oligo(ethylene glycol) methyl ether methacrylate (OEG-MA, 475 g mol -1 , Aldrich, 99 %), and ethylene glycol methacrylate (EG-DMA, Aldrich, 99 %) were passed through a basic aluminum oxide column to remove inhibitors before use. 2,2 0 -Azobisisobutyronitrile (AIBN, Wako Chemicals) was crystallized twice from methanol prior to use. Benzyl 4-cyano-4-(ethylthiocarbonothioylthio)-pentanoate (RAFT Agent) was synthesized as described elsewhere [41] . Diphenylcarbazide (Sigma Aldrich). Potassium Chromate (Productos Químicos Reactivos). Deionized water used for these experiments were purified by MILIQ system with a resistivity of 17.9 mX cm -1 . Hyperbranched polymers were synthesized as published elsewhere [41] .
Analytical techniques
Nuclear magnetic resonance 1 H and 13 C NMR spectra were recorded on a Varian INOVA-400 instrument operated at 400 MHz with CDCl 3 used as solvent.
Gel permeation chromatography
Molecular mass and polydispersity measurements were carried out using a Waters 1515 Isocratic HPLC Pump system equipped with a Waters 2414 Refractive Index Detectors. Calibration was carried out using linear poly(ethylene oxide) standards (Polymer Standards Service Gmbh), ranging from 2.0 9 10 4 -4.9 9 10 5 g mol -1 . The mobile phase was ACN/Water (15 % v/v) at a flow rate of 0.5 mL min -1 . The system was equipped with a guard column Ultrahydrogel 6 9 40 mm and two Ultrahydrogel 7.8 9 300 mm mixed columns in series, thermostated at 25°C.
Thermogravimetric analysis
A TA Instruments Q500 Thermogravimetric Analyzer employing the Hi-ResTM [42] was used to determine the onset temperature of mass loss, Td, and the char yield at 900°C. Hi-Res scans were run at 50°C min -1 with resolution and sensitivity parameters of 4.0 and 1.0, respectively, in the temperature range of 100-850°C. The purge gas was nitrogen (60 mL min -1 ) and the sample mass was ca. 10 mg.
Chemiluminescence CL spectra were obtained with a CL400 Chemi-LUME analyzer developed by Atlas Electric Devices Co. Samples were placed in temperature-controlled cells with specimen holders consisting of disposable aluminum dishes. The cells were closed by optical lenses that focused the corresponding emission light of each sample in a photoncounting photomultiplier (Hamamatsu R1527 P), which was water-cooled at 17°C. The photomultiplier was previously calibrated with a radioactive standard provided by Atlas. Dynamic tests were performed, the samples were heated at a heating rate of (10°C min -1 ) under a constant flow (50 mL min -1 ) of nitrogen or oxygen. Samples for CL measurements were prepared by casting of dichloromethane solution in a circular crucible of 1.8 cm in diameter, therefore the emission area was kept constant for all determinations.
Optical transmittance measurements
Optical transmittance of block copolymer in aqueous solution was measured at 550 nm with a Lambda 35 UVVis spectrometer (Perkin-Elmer). The sample cell was thermostatized in a refrigerated circulator bath Thermomix 1441 (B.BRAUN) at different temperatures from 10 to 90°C prior to measurements. The LCST of the polymer solution was defined as the temperature at the onset of the decrease in optical transmittance. This method seems to be accurately utilized only when two prerequisites are satisfied. The first prerequisite is that all the initial transmittance values of the curves are the same, and the second is that the phase-transition ranges of all the curves are similar [43] .
Calorimetry measurements
DSC measurements were performed using a DSC 823-Mettler Toledo equipped with sample robot and cooled by Julabo FT400 intracooler and controlled with a STARe software 9.10 version. Aluminum standard crucibles with 20 lL of sample were used for analyses that were carried out under a nitrogen atmosphere. Indium and water were used for temperature and enthalpy calibration.
TOPEM mode was chosen as temperature-modulated DSC method. Instead of being based upon a periodic modulation of the heating rate, as is the situation with temperature-modulated DSC (MTDSC) techniques, TO-PEM uses a stochastic modulation of the heating or cooling rate by means of random pulses of temperature. This feature has the advantage that a set of experiments require only scan of the samples but not for the blank as in other MTDSC techniques [44] . The parameters selected were: temperature range for the scan was from 10 to 50°C in order to cover the LCST; the underlying heating rate was 0.25 K min -1 ; the amplitude of the temperature pulse took values of 0.0005 K; and the switching time range, which limits the duration of the pulses, had a minimum of 30 s and a maximum of 60 s. Data analysis was carried out using TOPEM software. To calculate the response function for the system, the evaluation window was selected covering a region of the data in which there is no transition. The TOPEM evaluation yields the curve of cp0, the ''quasistatic'' specific heat capacity and the separation of correlated and non-correlated components of the heat flow with respect to the heating rate, which are related to the reversing and non-reversing heat flows in the usual MTDSC terminology.
Adsorption experiments
To determine the adsorption capacity, dialysis experiments were performed. A dialysis bag (MWCO = 6,000-8,000 Da) containing 6 mL of the polymer solution was sealed and immersed in ultrapure water solution (70 mL, pH 7) at 45°C in a thermostatically controlled oven. The copolymer concentration was 5 g L -1 for all the polymers, lineal and hyperbranched. Aliquots of 1 mL were withdrawn from the solution periodically. The volume of the solution was held constant by adding 1 mL fresh ultrapure water solution after each sampling to insure sink conditions. The amount of chromium adsorbed by polymers was determined by a normalized method for chromium(VI) determination [45] .
The colorimetric method to determine chromium hexavalent was used to know the concentration of chromium in solution. A calibration curve was done before the determination. Dissolved hexavalent chromium may be determined colorimetrically by reaction with diphenylcarbazide in acid solution. Addition of an excess of diphenylcarbazide yields the red-violet product, and its absorbance is measured photometrically at 540 nm.
Results and discussion
A series of water-soluble thermoresponsive linear and hyperbranched copoly(oligoethylene glycol)s have been synthesized by copolymerization of di(ethylene glycol) methacrylate (DEGMA) and oligo(ethylene glycol) methacrylate (OEG-MA, Mw = 475 g mol -1 ), with ethylene glycol dimethacrylate (EGD-MA) used as the crosslinker, Thermal studies and chromium removal efficiency 403 via reversible addition fragmentation chain transfer polymerization. Polymers have been characterized by sizeexclusion chromatography and nuclear magnetic resonance analyses and the results are shown in Table 1 .
Thermal stability of polymers
The thermal behavior of the polymers was evaluated by TG and CL. The TG of the copolymers is plotted in Fig. 1 , and the derived data are shown in Table 2 . All polymers undergo a three-step degradation process. The first mass loss, which occurs at temperatures below 200°C, corresponds to the water adsorbed, the experimental mass loss was slightly higher for hyperbranched compared to linear polymer, and could be attributed to the formation of porous structures. At temperatures above 200°C, where decomposition of PEGMA homopolymer has been reported [46] , two decomposition steps were observed, the second step takes place at maximum temperature peak about 198-212°C, and can be ascribed to the loss of PEG side chains, since the experimental mass loss was higher for L2 and H2 compared to L1 and H1 with lower content of OEGMA. The third major decomposition step, which is the most important with higher experimental mass loss, with maximum temperature peak of 260°C for linear polymers and 270°C for hyperbranched, and could be attributed to the random main chain scission of the poly(methacrylate). From these results, the conclusion can be drawn that thermal decomposition of hyperbranched takes place at temperatures slightly higher when compared with the linear structures. It has been proposed that random scission occurs by peroxide degradation at sites which has been preoxidized [47] . While thermogravimetric analysis provides information on the degradation stages at which volatiles are lost, CL analysis allows to obtain information on the hydroperoxides decomposition. The chemiluminescence in polymers is due to the light emission that accompanies the thermal decomposition of the thermooxidative degradation products (hydroperoxides), which are formed during processing or service life of the material under ambient conditions. This bimolecular reaction promotes ketone products to its lowest triplet state and the radiative deactivation gives chemiluminescence emission in the visible region [48] . Figure 2 shows the degradation of polymers under nitrogen and oxygen as measured by temperature-ramping CL. On hyperbranched polymers, no emission of CL was detected at temperatures below 175°C on inert atmosphere, and enhanced CL intensity was observed for polymer H2 in the whole range of temperatures, which would be associated with the higher density of grafting points, as it has been described in the literature [40] . The slight increase in stability detected for Temperature/°C Deriv. mass hyperbranched polymers which exhibited higher onset of temperature would be correlated to the fact that decomposition takes place at higher temperatures for those polymers, and the efficiency of the quantum yield of chemiluminescence emission would be enhanced by the increased immobility of the hydroperoxides which favor the disproportion reaction responsible for the emission. For all samples, two distinct processes could be detected which may be assigned to formation of hydroperoxides with different stability. Under oxygen the behavior was similar, although a higher intensity of chemiluminescence was observed and the onset of temperature was seen to decrease to lower values, since in such conditions, the samples are highly oxidized in a diffusion-controlled reaction simultaneously to the emission. Macroradicals react with the oxygen to give peroxy radicals and its concentration will be large and the bimolecular termination reaction of two peroxy radicals to give ketone products will be enhanced. Both, TG and CL analysis, showed the stability of the polymers at temperatures closed to practical use.
LCST study
In this work, the thermoresponsive character of the linear and hyperbranched copolymer has been studied by temperature-modulated DSC using TOPEM, which has been proposed as a new technique to determine the LCST values. In PEGMA polymers, the LCST increase when the number of the ethylene glycol in the side chains increases, also it has been seen that the LCST of the hyperbranched polymers decreases compared with linear polymers with same structure [41] .
In temperature-modulated DSC using TOPEM, stochastic temperature modulations are superimposed on the underlying rate of a conventional DSC scan. These modulations consist of temperature pulses, of fixed magnitude and alternating sign, with random durations within limits specified in the experimental conditions, whereas periodic modulation of the heating rate is used in other modulated DSC techniques. The modulation creates high instantaneous heating rates, which increases sensitivity. The low underlying constant heating rate is used to get better resolution. Similar experiments using conventional DSC were unsuccessful to determine LCST.
Total heat flow variation curve versus temperature is represented in Fig. 3 for linear polymer with 20 % content of PEGMA. The temperatures at the maxima of the DSC total heatflow curve were identified as the LCST of the polymer. Since the LCST transition is a very quick and low energy process, the parameters for the experiment as well as the parameters for data evaluation were carefully selected. The temperature underlying rate was 0.25 K min -1 which is sufficiently slow to observe the phase transition. The amplitude of temperature pulse was ±0.005 K, small enough so that the sample response remains linear. Another important parameter to take into account is the calculation window width. In previous works [44] , it is recommend that the window width should be less than one-third of the transition interval. As the LCST transition is estimated to occur in 3 min, the calculation window width used in the evaluation was 30 s, which is in concordance with Fraga's et al. works.
The LCST values determined by mDSC agreed very well with those obtained by UV-Vis. The LCST values obtained by UV-Vis were defined as the temperature at which 90 % of the transmittance of the solution was observed. The data are collected together in Table 3 . The fact that both techniques provide comparable LCST values, point out the reliability of the technique to measure the LCST of the polymers.
Chromium adsorption
The adsorption of Cr(VI) ions onto the copolymers synthesized has been investigated and the effect of the initial heavy metal ion concentration and temperature of the medium and capacity were analyzed. The effect of initial chromium(VI) ion concentration over the Cr(VI) adsorption by hyperbranched polymer at two different temperatures, below and above LCST, is shown in Fig. 4 . Six different concentrations for Cr(VI), 10, 50, 100, 200, 500, and 1,000 ppm, while maintaining the adsorbent dosage at 5 g L -1 , were tested in order to determine the amount of chromium adsorbed at equilibrium. The study was done at two different temperatures and it was observed that adsorption of metal ions onto the polymers below LCST temperature was negligible. It has been described that the polymers based in ethylene glycol methacrylates adsorb almost no Cr(VI) because there is no reactive functional group in their structure for complexation with this metal ion. The low adsorption of metal ions by copolymers based on polyethylene glycol has been observed [49] . The small adsorption value was explained in terms of weak interaction produced between those ions and the hydroxyl groups on the surface of the beads as result of the diffusion of the small metal ions into the few pores of the beads formed.
When the temperature is higher than the LCST it was observed that amount of Cr(VI) adsorbed increases from 1.2 to 40.4 mg g -1 for copolymer H2. At temperature above the LCST, the polymers form aggregates and porous structures may be formed with nanocavities where the metal ions can get into them. Samples for TEM were prepared below and above the LCST (from solutions of 5 mg mL -1 of hyperbranched). Above the LCST, the TEM images showed well-dispersed and well-defined aggregates (with regular shapes and sizes around 150-200 nm) formed from hyperbranched polymers, while below the LCST, no self-assembled nanoparticles were observed by TEM.
Increasing the initial ion concentration, the system reached the maximum of the adsorption capacity at 200 ppm of metal ion. Above that value, the adsorption capacity remained stable where a saturation value was achieved, and the removal efficiency of chromium (VI) decreased when the adsorbent concentration increased. This reduction of the removal efficiency might be attributed to the fact that the number of ions exceeds the number of accommodation sites, therefore the material become saturated with analytes. Figure 5 shows the effect of the contact time, at a temperature above LCST, for the adsorption of chromium(VI) on the polymers. The removal of chromium(VI) increases from the beginning until the seventh hour, showing maximum efficiency achieved at that point. The parameters and adsorption capacities for polymers are shown in Table 4 . Hyperbranched polymers adsorbed more chromium(VI) than the linear polymer because of the structure of the polymers. Hyperbranched polymers when precipitate form a network with more nanocavities where the chromium can be adsorbed. Also, it is observed that hyperbranched polymer with higher ratio of OEGMA/ DEGMA is more efficient as adsorbent and it would be related to the number of long ethylene glycol side chains which may form porous aggregates.
The results obtained showed that these polymers could be used as an effective adsorbent, and have great potential applications in environmental protection. The adsorption capacity of the copolymers is comparable with those obtained by other authors using different systems, 95 mg g -1 by Pseudomonas [50] ; 284 mg g -1 by Aeromonas caviae [51] ; 117 mg g -1 with dead biomass of marine Aspergillus niger [52] ; 22 mg g -1 with almond shell [53] ; 77 mg g -1 by chitosan beads [54] . Otherwise, at temperatures above the LCST polymer becomes dehydrated and hence insoluble in water thereby it precipitates and forms pore structures making them promising as viable absorbents which can be separated from the medium. These copolymers are a new approach for the preparation of metal-chelating matrix, and showed some advantages over conventional preparation techniques, which needed the activation of the matrix for metal-chelating ligand immobilization.
Conclusions
In this study, a series of linear and hyperbranched copolymers based in ethylene glycol methacrylate has been synthesized. LCST was successfully determined by MTDSC, obtaining similar values as those obtained by UV spectroscopy. The thermal stability of hyperbranched polymers was slightly enhanced respect to linear structures, as it was evidenced by TG and CL. The effect of the LCST transition for linear and hyperbranched polymers on the hexavalent chromium removal from aqueous solution has been investigated. The results show that these polymers at temperature below LCST are useless, and above LCST hyperbranched polymer is more efficient than linear polymers and the efficiency increases with ratio of OEGMA/ DEGMA. The values of chromium captured for hyperbranched are close to 40 mg per gram of polymer, which means that these polymers could be used as an effective adsorbent, which can be separated from the medium. Table 4 Thermal studies and chromium removal efficiency 407
